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A B S T R A C T
Statistical copolymers of methacrylic acid and methyl methacrylate were synthesised via free radical catalytic
chain transfer polymerisation (CCTP) in emulsion to form a hydrophilic emulsiﬁer/surfactant. The vinyl-ter-
minated oligomers were in turn utilised as chain transfer agents, with no further puriﬁcation, for the formation
of diblock copolymers with butyl and methyl methacrylate which constitutes the emulsiﬁer via sulfur-free re-
versible addition–fragmentation chain transfer polymerisation (SF-RAFT). In turn these polymers were solubi-
lized with various concentrations of ammonium hydroxide and utilised in the surfactant-free emulsion poly-
merization of butyl methacrylate using persulfate initiators, which also stabilized the polymer particles with
observed no coagulation, with solid contents as high as 40%.
1. Introduction
Emulsion polymerisation in the absence of added emulsiﬁer, or
surfactant, has received signiﬁcant attention as a technique for syn-
thesising monodisperse spherical particles and clean lattices [1,2].
Emulsion polymerisation is a complex colloidal phenomena with free
radical polymerisation occurring with various external factors aﬀecting
nucleation, growth and the stabilization of particles. This has been re-
markably successful commercially in many applications including
coatings, adhesives and in encapsulation technology [2–4]. Although,
the nucleation period is typically very short, the formation of particle
nuclei throughout the initial stage of the polymerisation plays a fun-
damental role in determining the ﬁnal latex particle size and particle
size distribution [5–12].
Three major mechanisms for particle nucleation in emulsion poly-
merization have been proposed to date: Micellar Nucleation Theory,
originally proposed by Harkins [5,6,13–15] in 1947 Smith [6,8] and
Ewart [10,11,14] and modiﬁed by Gardon [5,7,8,10–12,16], states that
micelles are the principal loci of particle formation is usually under-
stood to be the main nucleation mechanism for the monomers with
relatively low water solubility ([M]aq < 15 mmol dm−3)
[5–8,10,13–15,17–19]. Homogeneous nucleation models, proposed by
Fitch [13–15] and Tsai [5,8,15], Priest [5,8,10,12–15] and Roe
[8–11,13–15], is considered the primary mechanism for formation of
particles in systems with surfactant concertation below the critical
micelle concentration CMC, surfactant free polymerisation and forma-
tion for the monomers with relatively high water solubility’s
([M]aq > 170 mmol dm−3) [5–8,10–17,19–22]. The third nucleation
theory which is signiﬁcantly less common, is called monomer droplets
nucleation mechanism as proposed by Hansen [6,8,13–15] and Ugel-
stad [6,13], Durlin [5–8,10,11,13–15]. However, this third method
occurs very rarely: the cases are in some systems such as chlor-
obutadiene, which have extremely large spontaneous initiation com-
ponent, the unique systems of mini-emulsion and micro-emulsion
polymerisation, and in some controlled radical systems [7,12,23–26].
Droplet nucleation is the origin of the high molecular weight products
[7,8,16,24,26].
When reversible deactivation radical polymerisation (RDRP)
methods such as atom transfer radical polymerisation (ATRP), nitroxide
mediated polymerization (NMP), single electron transfer living radical
polymerisation (SET-LRP) and conventional reversible addition–-
fragmentation chain transfer polymerisation (RAFT) polymerisation are
compared RAFT has been used most successfully under emulsion con-
ditions. There is an excellent review on the use of controlled radical
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methods in dispersed processes [27–30]. Catalytic chain transfer poly-
merisation (CCTP) in combination with sulfur-free reversible ad-
dition–fragmentation chain transfer polymerisation (SF-RAFT) has been
shown to be versatile and simple with relatively mild reactions condi-
tions, requiring only parts per million amounts of bis[(diﬂuoroboryl)
dimethylglyoximato] cobalt(II), (CoBF) catalyst in the reaction mixture
to obtain low molecular weight co-oligomers with vinyl-end group
functionality, a wide range of methacrylic monomers can be utilised
regardless of the low rate of propagation, tolerance of various func-
tionalities, and is stable at elevated temperatures and low pH [31–41].
The utilisation of either transition metals or sulphur comprising
catalysts/chain transfer agents often requires puriﬁcation methods such
as precipitation or dialysis to isolate pure usable products. Furthermore,
RAFT or copper mediated techniques are often most suited to acrylic
and acrylamide monomers and are often less eﬀective with methacry-
lates, due to lower rates of propagation [31,32,34–36,39,42–47]. In this
current work we utilise statistical copolymers of methacrylic acid and
methyl methacrylate, as synthesised via CCTP in emulsion, to form the
hydrophilic part of an emulsiﬁer. The vinyl-terminated oligomers were
in turn successfully utilised as chain transfer agents for the formation of
diblock copolymers of butyl and methyl methacrylate, which con-
stitutes to the hydrophobic part of the emulsiﬁer via (SF-RAFT). In turn
these polymers were dissolved with various concentrations of ammo-
nium hydroxide and utilised as polymeric polymerisable surfactants in
the subsequent emulsion polymerization of butyl methacrylate using
potassium persulfate (KPS) as initiator which also stabilizes the
polymer particles with no observable coagulation and solid contents as
high as 40%.
2. Results and discussion
2.1. Synthesis of reactive surfactant via SF-RAFT
We focused on statistical co-oligomers of MMA (85 wt%) and MAA
(15 wt%) as prepared using CCTP in emulsion polymerisation with bis
[(diﬂuoroboryl)dimethylglyoximato] cobalt(II), (CoBF) as the catalyst,
which has been previously reported as an eﬀective CTA for the emul-
sion CCTP of methacrylates [32,48]. Under these conditions p
(MMA85wt%-MAA15wt%) macromonomers with a range of CoBF con-
centrations were prepared as previously reported (SI Table 1) [33]. Co-
oligomers with 15 wt% MAA and 85 wt% MMA composition were
utilised for the synthesis of all of the di-block co-polymers, since higher
ratios of incorporated acid in the composition resulted in a small
amount of coagulation during polymerisation (approximately 3–8 wt%
with respect to the total solid content measured gravimetrically fol-
lowing ﬁltration and drying). At higher acid concentrations (e.g. 35 wt
% MAA and 65 wt% MMA) it was not possible to reproducibly achieve
very low Mn polymers with CCTP for reasons that are not fully under-
stood, nevertheless 15% acid content was found to be suﬃcient for
these purposes. Moreover, increasing the acid concentration within the
co-oligomers also resulted in an increases in the particle size of the
polymers resulting in phase separation ascribed to the particles be-
coming very hydrophilic and in turn causing water to enter the particles
over time giving rise to latex destabilisation, whereas when MAA15%-
MMA85% was used particle sizes< 310 nm were obtained giving stable
latex’s with long shelf life (stable after 15 months).
The CCTP macromonomers (2) illustrated in Scheme 1 were used as
macro-CTAs for the formation of diblock copolymers (3), with a second
block consisting of either butyl methacrylate or methyl methacrylate,
with a degree of polymerisation (DP) = 10), both block copolymers
contained vinyl end groups and acid (MAA) functionality according to
1H NMR, Fig. 1. The second block comprising the hydrophobic part of
the emulsiﬁer, with DP = 10 was selected as a suitable size as when the
DP was larger (e.g. DP = 20) it would not fully solubilise with the
addition of ammonium hydroxide (NH4OH), (4) leaving a pale white
dispersion/solution even upon heating to 60 °C. With constant stirring
the emulsiﬁer with (DP = 20) completely solubilised and whereas with
(DP = 30) upon addition of (NH4OH) the latex would remain un-
changed (equivalent to the appearance to full fat milk). Upon heating to
60 °C it decolourised slightly changing appearance to pale white solu-
tion. In turn, polymeric polymerisable surfactants (4) were subse-
quently used in emulsion polymerization of butyl methacrylate (5)
using potassium persulfate (KPS) as initiator, which also stabilizes the
polymer particles with no observable coagulation and solid contents as
high as 40%.
2.2. Emulsion polymerisation stabilised by polymethacrylate polymerisable
surfactants
The polymethacrylate-derived surfactants, as described above, were
subsequently used as stabilisers for the emulsion polymerisation of
butyl methacrylate. All SF-RAFT polymerisations were performed under
monomer-starved conditions, such that the polymer particles were not
saturated with monomer, but are being polymerised at an instantaneous
conversion of 90% or greater [32–34,49,50]. This ensures control of the
monomer concentration within the polymer particles. If the reaction
were to operate under monomer-ﬂooded conditions, the control over
the copolymer composition would be lost [32,33,51].
For all reactions, the [monomer], [initiator] and temperature were
kept constant. The temperature was kept> 75 °C, as
temperatures< 70 °C are known to reduce the monomer conversion
below 100%. This is predominantly due the formation of macroscopic
agglomerates on the reactor wall and on the surface of the overhead
stirrer, which in turn reduces the latex yield [11]. Furthermore, it has
been previously reported that increasing the temperature decreases the
particle size due to increasing decomposition rate of the initiator and
increasing monomer solubility in the aqueous phase [11]. Thus, the
concentration of the growing chains increases which in turn reduces
particle size. However, in these reactions the opposite eﬀect is expected
since BMA solubility increases with increase in temperature as a result,
the critical chain length increases for the polymer precipitation which
may lead larger particles. This was observed for emulsiﬁers with the
hydrophobic moiety consisting of MMA (DP = 10) but not for the series
of surfactants containing BMA (DP = 10) as the hydrophobic moiety,
which suggest the second eﬀect of temperature is also important in
determining the particle size as well as to the principal eﬀect of in-
itiated chain concentration in determining the particle size.
The diblock copolymers of poly(MMA-co-MAA-b-BMA10) were dis-
solved in various concentrations of NH4OH, referred to with respect to
molar equivalence with respect to MAA concentration, and utilised as
polymerisable surfactants in place of a conventional surfactant such as
SDS. For reaction A′ (Fig. 2) post polymerisation with BMA monomer
with 0 equivalents of NH4OH, both the diblock poly(MMA-co-MAA-b-
BMA10) and subsequent pseudo tri-block copolymers resulted in
monomodal particles of 614 nm, according to DLS and SEM. Upon
dropwise addition, of NH4OH to the diblock dispersion of poly(MMA-
co-MAA-b-BMA10) with constant stirring the particle size reduced ac-
cording to both DLS and SEM. At 0.59 M equivalence of NH4OH with
respect to MAA reaction B prior to polymerisation with BMA, the latex
appeared slightly soluble with the particle size decreasing from 314 nm
to 251 nm. SEM, images showed reduction particle size upon 0.59 M
equivalence of NH4OH and the latex particle went from uniform
monomodal particles depicted (Fig. 2: A) to spongy less uniform parti-
cles (Fig. 2: B) and most of the particles dissolved with NH4OH addition
and raising of the pH. Upon, free radical polymerization with BMA of
the sample with 0.59 M equivalence of NH4OH reaction: B′ post poly-
merisation), new particles were formed with small particle size (84 nm)
and small number of large particles appeared according to both DLS
and SEM. The larger particles (565 nm) are due to the initial particles
not completely dissolving in NH4OH such that the BMA polymer grows
from the dispersed particles. For the reaction with 1.18 M equivalence
of NH4OH reaction (Fig. 2: C′ post polymerisation), prior to the free
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radical polymerisation with BMA the polymer latex poly(MMA-co-
MAA-b-BMA10) was visually completely soluble with 1.18 M equiva-
lence of NH4OH. However, from SEM we observed a small amount of
spongy like particles remained prior to the BMA polymerisation (Fig. 2:
C). Upon polymerisation with BMA, the SEM showed a few large par-
ticles and a majority of the particles uniform in size and the Đ and PDi
both decreased according to SEM and SEC. For the reaction with 1.77 M
equivalence of NH4OH all poly(MMA-co-MAA-b-BMA10) was visually
completely solubilised prior to the polymerisation with BMA. SEM
showed the absence of particles upon addition of NH4OH (Fig. 2: D).
Upon polymerisation with BMA, the particles appeared uniform in size
according to SEM (Fig. 2: D′ post polymerisation) and DLS showed a
signiﬁcant reduction in PDi (Table 1). Whereas, SEM also showed re-
duction in Đ. Furthermore, upon each increase in concentration of
NH4OH and associated increase in the pH results in increasesing the
half-life of the KPS initiator with the molecular weight of the ﬁnal
polymers increasing, the Đ decreased suggesting more radicals’ present
ensuring suﬃcient propagation and uniformed particle sizes. For all of
the reactions, A′ to D′ according to 1H NMR the ω-vinyl end group
functionality remained, 6.12–6.09 ppm and 5.58–5.49 ppm respectively
(Table 1 and SI ﬁgure 1 & 6).
The diblock copolymers, poly(MMA-co-MAA-b-MMA10), were dis-
solved with various amounts of NH4OH: 0, 0.56, 1.12 and 1.68 M
equivalents with respect to MAA and utilized as polymeric substitutes
for standard surfactants. All of the latex, prior to any addition of any
NH4OH, appeared as the SEM image E, with particles of uniform size.
With no addition of NH4OH, reaction E′ both the SEM and DLS showed
a large particle 415 nm compared to the reactions where NH4OH was
added. Furthermore, a general trend was observed that larger particles
were formed at d lower pH (Table 2). For the reaction with 0.56 M
equivalence of NH4OH the SEM images prior to reaction showed most
of the particles dissolved and some spongy looking particles remained,
upon heating it is believed that all the particles dissolved in the NH4OH,
since the solubility of methacrylic containing polymers tends to in-
crease with increase in temperature and upon post polymerisation with
BMA (Fig. 3: F′) all of the particles obtained were monomodal in con-
trast to the surfactant with the hydrophobic moiety consisting of BMA
(Table 1). Since BMA is more hydrophobic than MMA it is these poly-
mers are less soluble than the MMA containing analogues at higher
temperatures, thus some small particles were observed with SEM at low
concentrations of NH4OH (Fig. 2). Furthermore, the SEC data for
0.56 M equivalence showed a general decrease in Đ and particle size
reduced to more than half (186 nm) compared to the reaction with no
added NH4OH. For the reaction with 1.12 and 1.68 M equivalence of
NH4OH with respect to MAA reaction G′ and H′, showed that prior to
the polymerisation SEM images G and H, showed no presence of any
particles and all latex was visually also completely soluble in NH4OH.
Upon completion of the reaction, G′ with 1.12 M equivalence NH4OH
had particle size of 144 nm according to SEC and H′ with 1.68 M
equivalence of NH4OH had particle size = 118 nm and the molecular
weights showed a general increase in Mn with higher concentrations of
NH4OH. SEM, images of products from 1.12 and 1.68 M equivalence of
Scheme 1. Reaction schemes for CCTP and SF-RAFT polymerisation.
6.2 6.0 5.8 5.6 5.4
Chemical shift / ppm
14 12 10 8 6 4 2 0
 Poly(MAA-co -MMA)
 Poly(MAA-co -MMA-b -MMA 10)
 Poly(MAA-co -MMA-b -BMA 10)
Chemical shift / ppm
Acid
Vinyl functionality
Fig. 1. 400 MHz 1H NMR in d6 DMSO of co-oligomer and resulting di-block
copolymers.
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NH4OH showed that the particles were uniform in size (Fig. 3: G′) and
H′). Furthermore 1.68 M equivalents of NH4OH, reaction H′, showed
particles arranged in worm or necklace like aggregates yet maintaining
much uniformed particle size. For all of the reactions, E′ to G′ the ac-
cording to 1H NMR the vinyl end group functionality was present at
reduced amounts (Table 2 and SI ﬁgure 5).
SEC data (Table 3), shows that the average molecular weights de-
creases with temperature and the Đ also decreases with increase in
temperature at 50 °C with Đ is 1.66, reducing down to 1.44 at 65 °C,
and further decreases to 1.29 at 76 °C and then at 84 °C a slight increase
in Đ is observed to 1.38. Furthermore, at low temperatures some
macroscopic coagulum or agglomerates occured on the reactor wall and
on the surface of the overhead stirrer, which in turn reduced the latex
yield [11].
From all of the reactions (Tables 1 and 2), the ﬁnal pH of the latex
dropped from the initial pH; this was initially thought to be due to
ammonia from the ammonium hydroxide evaporating at higher tem-
perature or/and KPS producing sulphuric acid at higher temperatures.
All of the latexes were dissolved in equal molar equivalence (1.68) of
ammonium hydroxide solution with respect to MAA, (Table 3). At lower
temperatures there is less signiﬁcant drop from the initial pH of 9.89 at
50 °C the drop in pH was 7.04 whereas as the temperature increases
further a more signiﬁcant drop in pH was seen: 65 °C, 6.44, 76 °C, 4.85
and ﬁnally at 84 °C, 3.44. In order to factor in the signiﬁcance of
temperature on the amount of ammonium hydroxide remaining in so-
lution and [KPS] in aqueous solution the poly(MMA-co-MAA-b-MMA10)
was dissolved with 1.68 equivalents of ammonium hydroxide and he-
ated for 14 h under nitrogen at 85 °C, the initial pH was 9.89 and the
ﬁnal pH after 14 h was 9.53. Suggesting that the ammonium salt formed
from the ammonium hydroxide reacting with poly(MMA-co-MAA-b-
MMA10) remains as the salt and that KPS may play more important role
on pH. The KPS was dissolved in water the initial pH of the deionized
water was 5.88 and upon addition of KPS the pH decreased to 3.63,
upon heating to 85 °C the pH further decreased to 1.87 after 3 h.
The ﬁnal reaction (Table 3 & Fig. 4) was carried out with 1.68
equivalence of ammonium hydroxide with respect to MAA: the pH of
the KPS dissolved in water was raised to the same pH as the latex
(9.53): post polymerisation the pH dropped to 5.99 and Đ according to
SEC increased from 1.29 (Table 3 & Fig. 4) to 1.43 with the particle size
decreasing from 118 nm to 58 nm (DLS and SEM). This suggests that at
Fig. 2. Latex particles with A being poly(MMA-co-MAA-b-BMA10) diblock, B, C and D are poly(MMA-co-MAA-b-BMA10) with 0.59, 1.18 and 1,77 M equivalence of
NH4OH prior to free radical polymerisation with BMA and A′, B′ C′ and D′ post polymerisation with BMA monomer to form poly (BMA).
Table 1
Data for the formation of poly(MMA-co-MAA-b-BMA10) diblock with varied concentration of ammonium hydroxide with post free radical polymerisation of poly
(BMA) with varied concentration of ammonium hydroxide.




15% MAA & 85% MMA 2200 3700 1.67 – – – 2.38
DP-BMA-10 3100 4700 1.50 314 0.099 – 2.23
NH4OH (0 eqiv.)-A’ 18,000 22,400 1.25 644 0.053 2.23 2.19
NH4OH (0.59 eqiv.)-B’ 16,600 25,600 1.54 132 0.283 7.92 4.89
NH4OH (1.18 eqiv.)-C’ 18,500 26,900 1.46 564 0.221 9.19 7.26
NH4OH (1.77eqiv.)-D’ 19,900 27,400 1.38 586 0.088 10.32 7.65
Table 2
Data for the formation of poly(MMA-co-MAA-b-MMA10) diblock copolymer with varied concentration of ammonium hydroxide followed by free radical poly-
merisation of BMA with varied concentration of ammonium hydroxide.




15% MAA & 85% MMA 1900 3400 1.75 – – – 3.08
DP-MMA-10 3100 4500 1.46 234 0.033 – 2.82
NH4OH-0 eqiv.-E’ 8900 14,000 1.58 415 0.069 2.82 1.89
NH4OH-0.56 eqiv.-F’ 9200 12,300 1.33 186 0.033 6.95 2.95
NH4OH-1.12 eqiv.-G’ 13,900 18,100 1.30 144 0.023 7.66 4.37
NH4OH-1.68 eqiv.-H’ 12,400 16,000 1.29 118 0.044 9.89 4.85
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higher temperatures KPS still produces some sulphuric acid lowering
the pH of the overall reaction. Furthermore, for the reaction of poly
(MMA-co-MAA-b-MMA10) diblock copolymer with 1.68 equivalents of
ammonium hydroxide with respect to MAA followed by post free ra-
dical polymerisation with BMA at varied temperatures gave polymers
with relatively low Mn, SEC, with 1H NMR showing the ω-vinyl end
group remaining (Table 3 and SI ﬁgure 3) (SI ﬁgure 4). The concentra-
tion of initiator has two eﬀects on the particle size. Firstly, Increasing
the KPS concentration increases the concentration of sulfate ions which
in turn leads to the stabilisation of particles by achieving smaller par-
ticles. Secondly, increasing the concentration of KPS initiator also in-
creases the ionic strength of the aqueous phase, which should result in
larger particles. As a result the two opposite eﬀect in theory should
compensate each other under the experimental conditions. In (Table 3)
the temperatures were varied and the KPS concentration were kept
constant. As the temperature increased the particle size’s increased
(Table 3 & Fig. 4).
These reactions (SI Table: 2): demonstrate that for poly(MMA-co-
MAA-b-BMA10) dissolved at various concentrations of NH4OH followed
by post free radical polymerisation of with BMA that the onset of the
glass transition temperature, remains relatively the same for all the
polymers: Tg, onset varied between 36 °C ± 3 °C, the Tg
mid = 48 °C ± 1 °C and the Tg end = 61 °C ± 4 °C. For the reaction
with poly(MMA-co-MAA-b-MMA10) dissolved in varies concentration of
NH4OH and then post free radical polymerisation of with BMA
monomer we also observed Tg’s that are similar for all the polymers: Tg
onset varied between 38 °C ± 5 °C, Tg mid = 50 °C ± 2 °C and Tg
end = 64 °C ± 4 °C.
The surface zeta potential (SI Table: 3) for poly(MMA-co-MAA-b-
BMA10) the initial surface zeta potential of the block copolymer was
−43 mV, once dissolved at various concentrations of NH4OH and with
post free radical polymerisation of BMA showed: that for reaction with
generally large particle size reaction A′, C′ and D′ including reaction B′
which had combination of large and small particles both according to
DLS and SEM has very negative zeta potential−63 ± 8 mV compared
to the polymers poly(MMA-co-MAA-b-MMA10). For the reactions with
poly(MMA-co-MAA-b-MMA10) the starting zeta potential of the block
copolymer was −52 mV: once dissolved post free radical polymerisa-
tion with BMA monomer were undertaken. The zeta potential for the
smaller particles reaction F′, G′ H′ were less negative −38 ± 8 mV,
whiles for the reaction E′ with large particle according to DLS and SEM,
had zeta potential −70 ± 7 mV which is in similar region to the
particles utilising poly(MMA-co-MAA-b-BMA10) as polymer surfactant
substitute. The polymers contain carboxylic acid functionality mono-
mers and the zeta surface potential are all in the region expected for
carboxylated latex [33,52,53].
3. Conclusion
Lowering of the pH with ammonium hydroxide addition and for-
mation of ammonium salts of poly(MMA-co-MAA-b-BMA10) and poly
(MMA-co-MAA-b-MMA10) resulted in solubilisation to quite low visc-
osity polymer solutions which were used as a polymerisable surfactants.
Subsequent emulsion polymerisation of BMA gave latex’s with high
solid contents (40%), stable, long shelf lives and generally mono-
disperse particles. This is especially true for higher concentrations of
NH4OH, higher pH, with poly(MMA-co-MAA-b-BMA10) utilised as the
surfactant. Whereas, with poly(MMA-co-MAA-b-MMA10) we achieved
monodisperse particles at varies concentration of ammonium hydroxide
and was an eﬀective way to control the average particle sizes. We ﬁnd
out that at lower pH’s (acidic) the ﬁnal latex occurred had larger par-
ticle size’s. This is due to the ionic initiator utilised (KPS) which at
higher temperature and acidic pH produces H2SO4 (aq) which lowers
the ﬁnal pH further (more acidic) resulting in larger particle sizes at
Fig. 3. Formation of poly(MMA-co-MAA-b-MMA10) diblock copolymers with varied concentration of ammonium hydroxide with post free radical polymerisation of
poly(BMA) with varied concentration of ammonium hydroxide.
Table 3
Formation of poly(MMA-co-MAA-b-MMA10) diblock copolymers with 1.68 equivalents of ammonium hydroxide with respect to the MAA with post free radical
polymerisation of poly(BMA) at varied temperatures and reaction with latex and KPS dissolved in water having the same pH.




15% MAA & 85% MMA 1900 3400 1.75 – – 3.08 –
DP-MMA-10 3100 4500 1.46 234 0.033 2.82 –
50 °C-NH4OH-1.68 eqiv. 15,400 25,600 1.66 60 0.254 9.57 7.04
65 °C-NH4OH-1.68 eqiv. 13,700 19,700 1.44 43 0.048 9.62 6.44
76 °C-NH4OH-1.68 eqiv. 12,400 16,000 1.29 118 0.044 9.53 4.85
84 °C-NH4OH-1.68 eqiv. 8200 11,300 1.38 195 0.061 9.64 3.44
76 °C-NH4OH-1.68 eqiv. 12,900 18,400 1.43 58 0.015 9.53 5.99
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lower pH’s. Furthermore, these latex particles derived from poly-
merisable surfactants for polymethacrylates opens the possibility for
numerous applications in for example, medical diagnostics, adhesives,
impact modiﬁers, as well as in paper and textile coatings.
CRediT authorship contribution statement
Ataulla Shegiwal: Conceptualization, Data curation, Formal ana-
lysis, Project administration, Writing - original draft, Methodology.
Alan M. Wemyss: Conceptualization, Investigation, Project adminis-
tration, Formal analysis, Validation. Evelina Liarou: Formal analysis,
Data curation. James Town: Data curation, Formal analysis. Geogios
Patias: Data curation, Formal analysis. Christophe J. Atkins: Data
curation, Formal analysis. Arkadios Marathianos: Data curation,
Formal analysis. Daniel W. Lester: Data curation, Formal analysis,
Resources. Spyridon Efstathiou: Data curation, Formal analysis.
David M. Haddleton: Supervision, Project administration,
Conceptualization, Methodology, Funding acquisition, Writing – review
and editing.
Declaration of Competing Interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂu-
ence the work reported in this paper.
Acknowledgements
The authors would like to thank DSM and the University of Warwick
for their ﬁnancial support and Dr. Mike Schellekens, Jens de Bont and
colleagues for guidance. We thank the University of Warwick Polymer
Characterisation RTP for help with GPC, DLS and DMA.
Appendix A. Supplementary material
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.eurpolymj.2020.109491.
References
[1] I. Martín-Fabiani, J. Lesage de la Haye, M. Schulz, Y. Liu, M. Lee, B. Duﬀy,
F. D’Agosto, M. Lansalot, J.L. Keddie, ACS Appl. Mater. Interfaces 10 (2018)
11221–11232.
[2] J. Lesage de la Haye, I. Martin-Fabiani, M. Schulz, J.L. Keddie, F. D’Agosto,
M. Lansalot, Macromolecules 50 (2017) 9315–9328.
[3] B.T.T. Pham, D. Nguyen, V.T. Huynh, E.H. Pan, B. Shirodkar-Robinson, M. Carey,
A.K. Serelis, G.G. Warr, T. Davey, C.H. Such, B.S. Hawkett, Langmuir 34 (2018)
4255–4263.
[4] D. Nguyen, B.T.T. Pham, V. Huynh, B.J. Kim, N.T.H. Pham, S.A. Bickley, S.K. Jones,
A. Serelis, T. Davey, C. Such, B.S. Hawkett, Polymer 106 (2016) 238–248.
[5] M. Abdollahi, Polym. J. 39 (2007) 802.
[6] H. Baharvand, A. Rabiee, H.J.C.J. Jamshidi 75 (2013) 241–246.
[7] C.S. Chern, Prog. Polym. Sci. 31 (2006) 443–486.
[8] I. Kuehn, K. Tauer, Macromolecules 28 (1995) 8122–8128.
[9] G. Lichti, R.G. Gilbert, D.H. Napper, J. Polym. Sci. Polym. Chem. Ed. 21 (1983)
269–291.
[10] P. Nazaran, K. Tauer, Macromol. Symposia 259 (2007) 264–273.
[11] T. Tanrisever, O. Okay, I.Ç. Sönmezoğlu, J. Appl. Polym. Sci. 61 (1996) 485–493.
[12] S.C. Thickett, R.G. Gilbert, Polymer 48 (2007) 6965–6991.
[13] R.M. Fitch, C.H. Tsai, Polym. Colloids (1971) 73–102.
[14] F.K. Hansen, J. Ugelstad, J. Polym. Sci. Polym. Chem. Ed. 17 (1979) 3033–3045.
[15] F.K. Hansen, J. Ugelstad, J. Polym. Sci. Polym. Chem. Ed. 16 (1978) 1953–1979.
[16] C.-S. Chern, H.-T. Chang, Polym. Int. 51 (2002) 1428–1438.
[17] F.K. Hansen, in: Polymer Latexes, vol. 492, American Chemical Society, 1992, pp.
12–27 (Chapter 2).
[18] A.R. Goodall, M.C. Wilkinson, J. Hearn, J. Polym. Sci. Polym. Chem. Ed. 15 (1977)
2193–2218.
[19] Z. Song, G.W. Poehlein, J. Colloid Interface Sci. 128 (1989) 486–500.
[20] S. Beyaz, T. Tanrisever, H. Kockar, Macromol. Res. 18 (2010) 1154–1159.
[21] G.W. Ceska, J. Appl. Polym. Sci. 18 (1974) 427–437.
[22] C.E. Yan, S. Cheng, L. Feng, J. Polym. Sci., Part A: Polym. Chem. 37 (1999)
2649–2656.
[23] A. van Herk, H. Heuts, in: Encyclopedia of Polymer Science and Technology, John
Wiley & Sons, Inc., 2002, doi: 10.1002/0471440264.pst112.
[24] J.M. Asua 42 (2004) 1025–1041.
[25] L.L. de Arbina, M.J. Barandiaran, L.M. Gugliotta, J. Asuat, Polymer 37 (1996)
5907–5916.
[26] D.R. Bassett, A.E. Hamielec, Emulsion polymers and emulsion polymerization, Am.
Chem. Soc. (1981).
[27] W. Zhang, F. D'Agosto, P.-Y. Dugas, J. Rieger, B. Charleux, Polymer 54 (2013)
2011–2019.
[28] I. Chaduc, M. Girod, R. Antoine, B. Charleux, F. D’Agosto, M. Lansalot,
Macromolecules 45 (2012) 5881–5893.
[29] W. Zhang, F. D’Agosto, O. Boyron, J. Rieger, B. Charleux, Macromolecules 45
(2012) 4075–4084.
[30] P.B. Zetterlund, S.C. Thickett, S. Perrier, E. Bourgeat-Lami, M. Lansalot, Chem. Rev.
115 (2015) 9745–9800.
[31] H. Willcock, R.K. O'Reilly, Polym. Chem. 1 (2010) 149–157.
[32] N.G. Engelis, A. Anastasaki, G. Nurumbetov, N.P. Truong, V. Nikolaou, A. Shegiwal,
M.R. Whittaker, T.P. Davis, D.M. Haddleton, Nat. Chem. 9 (2016) 171.
[33] A. Shegiwal, A.M. Wemyss, M.A.J. Schellekens, J. de Bont, J. Town, E. Liarou,
G. Patias, C.J. Atkins, D.M. Haddleton, J. Polym. Sci., Part A: Polym. Chem. 57
(2019) E1–E9.
[34] C.L. Moad, G. Moad, E. Rizzardo, S.H. Thang, Macromolecules 29 (1996)
7717–7726.
[35] C.-W. Chang, E. Bays, L. Tao, S.N.S. Alconcel, H.D. Maynard, Chem. Commun.
(2009), https://doi.org/10.1039/B904456F, 3580-3582.
[36] D. Pissuwan, C. Boyer, K. Gunasekaran, T.P. Davis, V. Bulmus, Biomacromolecules
11 (2010) 412–420.
[37] A.A. Gridnev, S.D. Ittel, Chem. Rev. 101 (2001) 3611–3660.
[38] J.P.A. Heuts, N.M.B. Smeets, Polym. Chem. 2 (2011) 2407–2423.
[39] J. Zhou, H. Yao, J. Ma, Polym. Chem. 9 (2018) 2532–2561.
[40] A. Lotierzo, R.M. Schoﬁeld, S.A.F. Bon, ACS Macro Lett. 6 (2017) 1438–1443.
[41] A. Lotierzo, B.W. Longbottom, W.H. Lee, S.A.F. Bon, ACS Nano 13 (2019) 399–407.
[42] C. Boyer, A.H. Soeriyadi, P.B. Zetterlund, M.R. Whittaker, Macromolecules 44
(2011) 8028–8033.
[43] I. Schreur-Piet, J.P.A. Heuts, Polym. Chem. 8 (2017) 6654–6664.
[44] A. Anastasaki, C. Waldron, P. Wilson, C. Boyer, P.B. Zetterlund, M.R. Whittaker,


















50°C-NH 4OH-1.68 eqiv. 














Molecular weight / gmol -1
 50 °C -NH 4OH-1.68 eqiv.
 65 °C -NH 4OH-1.68 eqiv.
 76 °C -NH 4OH-1.68 eqiv.
 84 °C -NH 4OH-1.68 eqiv.
Fig. 4. DLS and GPC data of formation of poly(MMA-co-MAA-b-MMA10) diblock with 1.68 equivalence of ammonium hydroxide with respect to the MAA with post
free radical polymerisation of poly(BMA) at varied temperatures.
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